IMPORTANCE Facial vascular anomalies are surgical challenges due to their vascularity and facial nerve distortion. To assist facial vascular anomaly surgical treatment, presurgical percutaneous facial nerve stimulation and recording of compound motor action potentials can be used to map the facial nerve branches. During surgery, the nerve map and continuous intraoperative motor end plate potential monitoring can be used to reduce nerve injury.
S urgical treatment of cervicofacial vascular anomalies is challenging due to malformation location, vascularity, and risk to surrounding structures, particularly the often elongated, displaced branches of the facial nerve. Compared with parotidectomy, the incidence of facial nerve injury for treatment of vascular malformations is higher, reported at 9% compared with 5%. 1, 2 Other treatment modalities, including sclerotherapy, are not without risk to the branches of the facial nerve, and injury rates can be higher than with surgical excision, especially in the region of the zygomatic branch. 3, 4 Although it is understood that the risk of posttreatment facial nerve dysfunction is high after vascular anomaly treatment, particularly lymphatic malformations, facial nerve functional outcomes have not been consistently reported, and now the importance of including these outcomes in treatment reports is recognized. 5, 6 Most pediatric facial mass excision procedures are performed with intraoperative nerve integrity facial nerve monitoring (ie, standard nerve integrity monitoring [NIM] ), which typically refers to a device that continuously performs electromyography at 2 or 4 locations. 7 The device is used routinely in otologic and parotid surgery and is typically set up and used by the surgeon or operating room staff. It enables stimulation of the nerve and provides audible feedback. A recent systematic review and meta-analysis 8 of parotidectomy surgery showed no significant long-term nerve outcome improvement using the device. It is known that facial nerve anatomy can be significantly altered in association with facial vascular anomalies, creating increased risk of nerve injury and lifelong morbidity when facial vascular lesions are treated with invasive therapy. 1, 2 To reduce the risk of facial nerve injury and dysfunction, a more sophisticated form of nerve monitoring and mapping has been described, in which the main trunk and all facial nerve branches are percutaneously defined by a neurophysiologist and continuously monitored during surgery. 9, 10 In this scenario, motor nerve identification and functional status are determined by the neurophysiologist in direct communication with the operating surgeon, allowing the surgeon to completely focus on efficient lesion removal, while relying on the neurophysiologist's interpretation of nerve activity. A 2014 uncontrolled case series (>200 cases) of facial nerve mapping (FNM) and facial vascular anomaly surgery found a low incidence of facial nerve injury using the preoperative nerve mapping technique.
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Beginning in 2005, surgeons (S.C.M., J.A.P., and a nonauthor) and neurophysiologists (R.N.H., J.S., G.A.K., and V.M.) at Seattle Children's Hospital adopted the technique of FNM with continuous monitoring of the facial nerve branches in the treatment of all cervicofacial vascular malformations. As such, 2 distinct groups of patients were defined in retrospective review, one that underwent surgery with NIM facial nerve monitoring from 1999 to 2005, and another that underwent surgery using FNM with a neurophysiologist after 2005. Through comparison of the NIM and FNM groups, the objectives of this study were to test the hypotheses that FNM (1) decreases intraoperative facial nerve injury risk and (2) increases safe surgical approach options for parotid and facial vascular anomaly treatment.
Methods
This investigation was a historically controlled trial at a tertiary vascular anomaly center (Seattle Children's Hospital) in Seattle, Washington. A consecutive FNM patient cohort after 2005 (FNM group) was compared with a consecutive historical cohort (1999-2005) (NIM group). After Seattle Children's Hospital institutional review board approved the retrospective study and waived informed patient consent, Current Procedural Terminology codes for consecutive cervicofacial resections with neurovascular dissection were queried for by 3 surgeons (S.C.M., J.A.P., and a nonauthor) treating vascular anomalies from January 1, 1999, through January 1, 2015. The query was cross-referenced with neuromonitoring clinical and vascular anomaly quality improvement databases. Inclusion criteria were vascular anomaly surgical resection with at least one facial nerve branch involved and 2 years' follow-up. Patients were excluded if the facial nerve was not involved or in case of inadequate follow-up or documentation. The medical records were reviewed, and data were collected for demographics, surgical approach, lesion location, lesion size, involved facial nerve branches, operative time, nerve mapping time, pathology, facial nerve examination before and after surgery at 30 days and 2 years, and nerve monitoring data. The size of the lesion was quantified by computed tomography or magnetic resonance imaging by recording the dimensions and then calculating the volume of ellipsoid with those axes dimensions. In addition to the volume, the specific location on the face was recorded because that may be an independent factor for facial nerve outcome. For example, a lesion with a large volume may involve a single facial nerve branch, or it could involve all 5 branches. This location was quantified within a schematic grid dividing the face into 9 regions. If the lesion was present within a grid space, then it was scoreda1inabinary fashion, with a maximum score of 9 ( Figure 1 and eFigure 1 in the Supplement). Surgical approaches were divided into the following 3 facial nerve dissection categories: (1) anterograde dissection with identification of the main trunk; (2) direct excision with dissection limited to affected distal branches, including transcutaneous or transoral; and (3) retrograde
Key Points
Question Does preoperative facial nerve mapping affect intraoperative facial nerve injury risk and expand safe surgical approach options compared with standard nerve integrity monitoring?
Findings In this historically controlled study of 92 cervical facial vascular anomalies, the preoperative facial nerve mapping group had significantly fewer long-term facial nerve injuries (1 in 61 patients) compared with the control group (6 in 31 patients), more direct surgical approaches were used, and operative times were reduced in the facial nerve mapping group.
Meaning Preoperative facial nerve mapping is recommended in the surgical treatment of cervicofacial vascular anomalies.
dissection without prior identification of the main trunk. Retrograde dissection was most commonly found in coordination with a neck dissection that involved one or more branches of the facial nerve. In these cases, retrograde dissection followed distal nerve branches, making identification of the main trunk unnecessary.
The surgical approach was chosen by the surgeon. In the NIM group, conventional facial nerve monitoring was used with the Nerve Integrity Monitor (Medtronic), which was set up by the operating room staff or operating surgeon.
FNM Technique
In the FNM group, intraoperative FNM and monitoring were accomplished with triggered and free-running electromyogram (EMG) (Cascade Intraoperative Neuromonitoring Equipment; Cadwell Industries, Inc). Monopolar paired needle electrodes were placed in each of the following ipsilateral areas and muscles: (1) lateral to palpebral commissure (orbicularis oculi), (2) inferolateral to oral commissure (orbicularis oris, risorius, and depressor anguli oris), (3) superolateral upper lip (levator labii superioris and Shown are preoperative photographs, the facial grid schematic, preoperative facial nerve mapping, and a postoperative photograph for each patient. A, A small venous malformation on the midface occupying one grid space is shown. Note that only distal facial nerve branches involve the lesion, which enabled direct lesion excision immediately after glue embolization. B, An infantile hemangioma on the midface, incompletely responsive to propranolol hydrochloride, occupying 3 grid spaces is shown. Note that the distal facial nerve branches surround the lesion, enabling near-complete direct excision with peripheral nerve identification and preservation. C, A lymphatic malformation (stage 4) occupying 6 grid spaces and involving all branches of the facial nerve is shown. Note that the main trunk of the facial nerve is significantly inferior to normal facial nerve anatomic landmarks. FNM indicates facial nerve mapping.
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Preoperative Facial Nerve Mapping and Pediatric Facial Vascular Anomaly Resection zygomatic minor), and (4) depressor labii (inferior to lower lip). This allowed for adequate monitoring of the ipsilateral temporal, zygomatic, buccal, and marginal mandibular branches of the facial nerve. Electrodes were also placed in the frontalis muscle if required by the location of the lesion. Before making the incision, preoperative mapping of the facial nerve was done by percutaneous stimulation of the facial nerve and its branches and recording of compound motor action potentials (CMAPs) (eFigure 2 in Supplement). Using a ball-tipped probe, electrical stimulation (0.2-millisecond pulse duration; rate, 1-2 Hz) was delivered to points on the skin with an intensity sufficient to elicit motor responses. To avoid current spread to nearby facial nerve branches, stimulation intensity did not exceed that which gave consistent CMAPs (usually 6-15 mA). Higher intensities were needed for branches underneath large lesions. Points that elicited a motor response were indicated with a marking pen. In this manner, the course of the facial nerve and its branches was mapped on the skin and could be compared with the location of the lesion.
During the surgery, an experienced neurophysiologist (R.N.H., J.S., G.A.K., or V.M.) continuously monitored (1) the free-running EMG output for motor unit action potentials and (2) the triggered CMAPs to intrafield stimulation. Neurotonic discharges, including high-frequency or sustained discharges, were specifically monitored and recorded. The continuous EMG was supplemented with intrafield electrical stimulation (0.1-millisecond pulse duration, 0.1-1.0 mA, and repetition rate of 2 Hz) with a monopolar insulated 1.0-mmdiameter ball-tipped handheld probe (Xomed; Medtronic). For intrafield stimulation, the intensity was varied, and real-time feedback was obtained with direct communication between the surgeon and the neurophysiologist or technician. Localization of the facial nerve branches by intrafield stimulation and recording of CMAPs was used to aid dissection. 8 
Statistical Analysis
Baseline demographic and clinical characteristics of children in the NIM and FNM groups were summarized with appropriate statistics. Continuous variables were summarized by means (SDs) and compared using the 2-sample t test if normality assumptions were met; otherwise, medians (interquartile ranges [IQRs]) were used for a summary and the Wilcoxon-MannWhitney test for comparisons. Categorical variables were summarized by counts and proportions and compared between study groups with Pearson χ 2 test or Fisher exact test as appropriate. Univariate and multivariable logistic regressions were used to evaluate the association of study group (FNM vs NIM) with binary outcome variables of new facial nerve injury at 30 days and 2 years after surgery and anterograde facial nerve dissection. Unadjusted and adjusted odds ratios from the models and corresponding 95% CIs are reported. The duration of surgery was analyzed with time-toevent methods. At each observed operative time, the cumulative proportions of patients whose surgical procedures had ended were calculated as Kaplan-Meier failure probabilities and plotted. Failure in this case was end of surgery. The Kaplan-Meier curves of operative time were compared between patients in the NIM and FNM groups using the logrank test. Univariate and multivariable Cox proportional hazards regression models were used to assess the independent association of FNM (vs NIM) and time to completion of surgery (operative time) adjusting for select baseline demographic and clinical variables. Unadjusted and adjusted hazard ratios (relative risks) from Cox proportional hazards regression models and corresponding 95% CIs are reported. All analyses were conducted using Stata (version 15.1; Stata Corp LP).
Results
One hundred six consecutive procedures were identified in the query; 14 were excluded because on review of the operative report the facial nerve was not involved in the lesion resection. Thirty-one procedures occurred before January 1, 2005, the date on which the surgeons adopted FNM and monitoring with the neurophysiologist. These 31 procedures were performed with NIM facial nerve monitoring. Sixty-one procedures were performed with FNM after January 1, 2005. All cases were performed by 1 of 3 surgeons (S.C.M., J.A.P., and a nonauthor) and had documented follow-up for a minimum of 24 months after surgery.
The NIM and FNM groups had similar median ages at 3.3 years (IQR, 2.2-11.4 years) and 4.4 years (IQR, 1.5-11.0 years), respectively ( Table 1) . Lymphatic malformation was the most common pathology, observed in 19 of 31 (61%) in the NIM group and 32 of 61 (52%) in the FNM group (percentage difference, 9%; 95% CI, −12% to 30%). Among those, there were stage 3 or 4 lymphatic malformations in 9 of 19 (47%) in the NIM group compared with 18 of 32 (56%) in the FNM group (percentage difference, −9%; 95% CI, −37% to 19%). More diversity of pathology was observed in the FNM group, with infantile hemangiomas in 11 of 61 (18%) and venous malformations in 13 of 61 (21%), compared with no infantile hemangioma and only 1 venous malformation in the NIM group. A significant majority in both groups had at least 4 cranial nerve (CN) VII branches involved (20 of 31 [65%] in the NIM group vs 34 of 61 [56%] in the FNM group; percentage difference, 9%; 95% CI, −12% to 30%). The median anomaly volume was 52.4 mL (IQR, 12.8-183.3 mL) in the NIM group and 65.4 mL (IQR, 18.8-180.2 mL) in the FNM group (median difference, −13 mL; 95% CI, −32 to 23 mL). The median numbers of facial grid spaces occupied were similar at 3 (IQR, 2-6) in the NIM group and 4 (IQR, [3] [4] [5] [6] in the FNM group (median difference, −1; 95% CI, −2 to 0). The preoperative facial nerve examination was normal in all patients for the NIM group and in 60 of 61 patients for the FNM group, in which one patient had a preoperative marginal mandibular nerve weakness from a prior surgery seen at our initial consultation. The numbers of patients who had previously undergone an operation for treatment of the same lesion were 3 in the NIM group and 6 in the FNM group.
Examples of 3 patients in the FNM group are shown with preoperative photographs, facial grid schematic assignment, FNM, and postoperative photographs for pathologies of venous malformation, infantile hemangioma, and lymphatic malformation, respectively ( Figure 1 and eFigure 1 in the Supplement). The location and distribution of lesions in the FNM and NIM groups are shown organized by surgical approach in Figure 2 . Qualitatively, Figure 2 shows that pathology treated with retrograde dissection was most densely distributed near the lower branches of the facial nerve, and pathology treated with direct excision (transcutaneous or transoral) was most densely distributed near distal facial nerve branches, anteriorly on the midface in the FNM group. Most patients (87% [27 of 31]) in the NIM group were treated with an anterograde facial nerve dissection compared with 46% (28 of 61) in the FNM group (percentage difference, 41%; 95% CI, 24%-58%). Retrograde dissection approaches were used in 34% (21 of 61) in the FNM group compared with 0% (0 of 31) in the NIM group (percentage difference, −34%; 95% CI, −46% to −23%). Operative times were shorter for the FNM group, even when including the median 25 minutes for FNM ( Table 1) . The median operative time in the FNM group (131 minutes; IQR, 97-220 minutes) was 79 minutes (95% CI, 20-138 minutes) less than that in the NIM group (210 minutes; IQR, 141-385 minutes); univariate and multivariable Cox proportional hazards regression models demonstrated that patients in the FNM group were significantly more likely to complete surgery sooner (adjusted hazard ratio, 5.36; 95% CI, 2.00-14.36) (Figure 3) .
Facial nerve outcomes at 30 days showed that 35% (11 of 31) in the NIM group had an abnormal examination compared with 12% (7 of 61) in the FNM group (percentage difference, 24%; 95% CI, 5%-43%) ( Table 1 ). In multivariable analysis adjusting for differences between the FNM and NIM groups other than percutaneous mapping, new facial nerve injury was less at 30 days (odds ratio, 0.24; 95% CI, 0.07-0.86) in the FNM group ( Table 2) .
At 24 months, abnormal facial nerve examinations were observed in 19% (6 of 31) in the NIM group compared with 2% (1 of 61) in the FNM group (percentage difference, 17%; 95% CI, 3%-32%). Multivariable analysis at 24 months resulted in instability due to the paucity of events.
Discussion
Ninety-two consecutive patients undergoing vascular anomaly operations involving at least one branch of the facial nerve were analyzed, the first 31 of which were performed using conventional NIM facial nerve monitoring and the remaining 61 performed in coordination with a neurophysiologist using intraoperative nerve mapping and monitoring (FNM). These comparisons of FNM with a historical control allow estimates of its efficacy for improving outcomes that were not possible with previously published case series. The results demonstrated a significant risk reduction of short-term and long-term facial nerve injury using the FNM technique (percentage difference at 2 years, 17%; 95% CI, 3%-32%). In both univariate and multivariable logistic regression analyses, patients in the FNM group had significantly reduced odds of abnormal CN VII examination (House-Brackman score >1) at 30 days after surgery (adjusted odds ratio, 0.24; 95% CI, 0.07-0.86) than those in the NIM group. In the NIM group, 87% (27 of 31) were treated with an anterograde facial nerve dissection approach, in which the main trunk of the facial nerve was first identified and then carefully followed distally to isolate distal branches. This approach and the dissection require an extensive face-lift or modified Blair incision, which traumatizes the whole facial nerve. In the FNM group, this approach was used only 46% (in 28 of 61) of the time, which means that vascular lesion removal was possible with less nerve trauma and surgical dissection. With FNM, there were 21 instances of retrograde dissection compared with none in the NIM group. Knowledge of the precise distal facial nerve branch locations following FNM before making a surgical incision enables planning of a less invasive surgical procedure, often through a small incision. The ability to accurately interrogate and stimulate distal nerve branch candidates frequently made distal nerve identification easy and enabled the retrograde technique, even when a total facial nerve dissection was necessary. If distal facial nerve branches could not be easily identified, then traditional anterograde facial nerve dissection could be performed. However, more frequent determination of the facial nerve location with FNM enabled reduced incision length and decreased frequency of the main trunk identification and dissection. Ulkatan et al 11 reported on more than 200 cases using a similar technique of FNM, and they also found low risk of facial nerve injury (1.5%). Other researchers have published smaller series, with similar results. 10 Articles cited in the Introduction herein have generally reported that the risk of facial nerve injury is 5% to 10% for treatment of vascular anomaly in the cervicofacial region. [1] [2] [3] [4] The reason for dramatically improved facial nerve outcomes is in part explained by the FNM but also because the FNM enables (1) improved planning for an approach that has potentially less collateral tissue damage and (2) focused concentration by the surgeon, with confidence in the intraoperative interrogations of the nerve, as reported by the neurophysiologist. A major observation in the present study was the realtime feedback from the neurophysiologist that the surgeon received, without removing attention from the operative site. The neurophysiologist adjusted the amplitude of the current to the stimulation probe based on where the surgeon was operating relative to the nerve. For example, if the surgeon was in close proximity to a branch of the facial nerve, the amplitude was reduced to a low value (0.1 mA) to identify and test the integrity of the nerve. In contrast, if the surgeon was away from the expected location of the nerve but wanted to confirm that, a high-amplitude stimulation (1.0 mA) was a sensitive test to rule out the presence of a nerve branch in that location before dividing tissue. Perhaps most important was the real-time interpretation of the stimulated responses to determine if the waveforms were a true evoked response vs stimulus (artifact). This is in contrast to the Nerve Integrity Monitor (Medtronic) used in the NIM group, which provided audible feedback and limited real-time interpretation. There was an opportunity to examine the waveforms, but this diverted the surgeon's attention away from the surgical field. Confidence in the nerve interrogation with FNM enabled enhanced efficiency of surgical tasks and more direct surgical approaches, especially for benign vascular lesions, which are at high risk of nerve injury due to perineural bleeding. This is reflected in the number of surgical procedures in the FNM group for nonlymphatic malformation lesions. It was also supported in the operative times, which were significantly shorter in the FNM 
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Limitations
This study is limited by its retrospective and nonrandomized design. There was an increased risk of bias from the historically controlled research design, which was subject to potential confounding from surgeon learning curves and unidentified or unmatched confounders in the 2 groups. However, the analysis of consecutive patients by 3 surgeons strengthens the comparison between the NIM and FNM groups. In most patients, the pathology is not a lifethreatening problem. Without the FNM technique, many of these operations may not have even been offered, which is supported by the increased number of venous malformations, arteriovenous malformations, and hemangiomas in the FNM group compared with the NIM group. Although creating challenges in comparing the 2 groups, this would be expected to bias against finding a significant risk reduction for facial nerve injury in the FNM group. The pathology was more diverse in the FNM group, particularly with 11 infantile hemangiomas included. If the 11 infantile hemangiomas in the FNM group are excluded, the percentage difference was −17% (95% CI, −32% to −3%), with abnormal facial nerve examinations in 2% (1 of 50) in the FNM group compared with 19% (6 of 31) in the NIM group at 2 years after surgery. Because outcomes were better in the FNM group in terms of facial nerve function, FNM provides a degree of safety, despite increased complexity of the surgery. This association was not due to partial treatment. Of note, the same FNM technique can be used for other CNs, including hypoglossal and spinal accessory nerves. The data presented herein support increased safety of facial nerves with the use of FNM, as well as more surgical approach options, with no increase in total operative time, even when including the time for nerve mapping.
Conclusions
In this study of 92 consecutive patients with vascular anomaly, FNM in coordination with a neurophysiologist was associated with lower short-term and long-term facial nerve injury rates and enabled more surgical approach options compared with conventional NIM facial nerve monitoring. At 2 years after surgery, the rate of facial nerve injury was 19% (6 of 31) in the NIM group compared with 2% (1 of 61) in the FNM group. The surgical approach options were significantly different between the 2 study groups, and the frequency of anterograde facial nerve dissection with identification of the main trunk was 87% (27 of 31) in the NIM group compared with 46% (28 of 61) in the FNM group. Operative time was significantly shorter in the FNM group. As such, FNM is a technique that is recommended for surgical excision of vascular anomalies in the cervicofacial region that may involve a branch of the facial nerve.
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